Acoustic analogue computation and signal processing are of great significance, however, it's challenging to realize the acoustic computing devices because of their limitation of single function and complex structure. The reveal of time-reversal property in the parity-time symmetric acoustic metamaterials has possibility to overcome those disadvantages and provide a new approach to realize multifunctional acoustic analogue computing device. In this paper, we theoretically and experimentally realize an acoustic multifunctional device which can gate and amplify acoustic waves at the same frequency using a passive acoustic parity-time symmetric metamaterial. The metamaterial is constructed by five lossless-loss periodically distributed structures. The interplay between the lossless and loss media is modulated to achieve the nearly parity-time symmetry. At the broken parity-time symmetry phase, the logic gates (XOR, OR, AND and NOT) and small signal amplifier are theoretically and experimentally realized at the same frequency by adjusting the phase and amplitude differences between the two incoming beams, respectively. Our work provides a new route for the connection between the parity-time symmetry and the metamaterial, which has great potential application in acoustic modulation and acoustic signal processing devices.
reducing the integration complexity. Acoustic computing devices such as acoustic switches 4, 5 , diodes 6 , and logic gates 7, 8 , are central elements of acoustic computing and communication, and have attracted extensive attention. However, the realization of multiple functions coexisting without resorting to altering frequency and structure in these acoustic computing devices is a significant challenge. Many acoustic computing devices have been proposed relying on phononic metamaterials (PMs), which can control the propagation states of acoustic waves well by using the band gaps and distinct frequency characteristics 9, 10 . PMs are periodic structures composed of unit cells with different elastic properties. So far, acoustic computing devices based on PMs can be realized by means of the self-collimation effect 7 , the control waves 11 , the rotating the rods of PMs 12 or the phase-control of incident waves 13 . However, most of them suffer simple functionality, complex design, or high-power consumption. It is also challenging to realize acoustic multifunctional devices at the same frequency. Therefore, it is necessary to seek for a simple and effective approach to design acoustic multifunctional devices that can tackle the above issues.
Meanwhile, Parity-time (PT) symmetry has grown into a burgeoning research area in acoustics.
PT symmetry is initially proposed as a concept in the area of quantum mechanics 14, 15 . It has shown that the special class of Hamiltonians that commute with PT operator can exhibit entirely real energy eigenvalues even though they are non-Hermitian. Then, PT symmetry is extended to classical wave phenomena and its counterparts in the fields of optics, electronics and acoustics have been also found [16] [17] [18] [19] [20] . The PT symmetric condition requires the real part of the refractive index modulation to be symmetric ( ) ( ) RR n x n x  and the imaginary part of the refractive index to be anti-symmetric ( ) ( ) II n x n x    18 . Exceptional point (EP) is a singular point of the eigenvalues and eigenvectors of the non-Hermitian system, where a spontaneous PT symmetry breaking can occur and the phase of transmission and reflection dislocates [21] [22] [23] . A flurry of recent studies have demonstrated unique phenomena associated with the EP. The unique property of EP is usually utilized in non-Hermitian systems [24] [25] [26] . Through judiciously balancing the gain and loss regions of the PT symmetric system, a number of new applications have been explored, such as unidirectional invisibility 17, 27 , reflectionlessness [28] [29] [30] , coherent perfect absorber 1,31-33 and laser 2, [34] [35] [36] . To realize PT symmetry in acoustic metamaterials, one must overcome the challenges associated with the absence of acoustic gain medium in nature 37 . Recently, the passive acoustic PT symmetric metamaterials have been theoretically and experimentally demonstrated to realize the unidirectional sound focusing effect at the EP 28, 38 . This provides us opportunities to investigate passive acoustic metamaterials with intrinsic PT symmetry and a variety of wave phenomena associated with EP or broken PT symmetry phase.
Inspired by these recent developments, we theoretically and experimentally realize a passive acoustic PT symmetric metamaterial, where the logic gates and amplifier at the same frequency are demonstrated in a single structure. PT symmetry ensures these two states occur at the same frequency. The acoustic PT symmetric metamaterial behaves like a distributed Bragg reflector which is composed of five lossless-loss periodically distributed structures, and the lengths of the lossless and loss structures are both one-quarter wavelength. The acoustic multifunctional device achieved here utilizes a highly efficient coherent control strategy based on PT symmetry. The refractive indices of the loss and lossless structures are carefully engineered by the scattering matrix formalism. In the broken PT symmetry phase, we theoretically and experimentally realize both logic gates and amplifier by controlling the initial phase of the two incident waves.
Results

Theoretical design to obtain passive PT symmetric system
In acoustics, a PT symmetric system with symmetrically distributed real part of refractive index 
where m = 1,2,3,4,5; 0 1 n  and  denote the background refractive index and the lossless-loss factor, respectively.  can be tuned from 0 to positive. x is the distance along the acoustic wave 
Operating principle and structure fabrication
In our work, an acoustic wave with another acoustic wave based on the coherent interaction of acoustic beams can be efficiently controlled. When the acoustic modulation satisfies the PT symmetry condition, the magnitudes of the transmission and left-(right-) reflection coefficients for the left (right) incidence must be the same, so that the interaction of the two coherent waves could vary continuously from 0 to a limit value. The limit value will be calculated later. Thus, by tuning the initial phase and amplitude differences between the two incident signals, the logic gates and small signal amplifier can be realized, respectively. As shown in Fig. 1a , the passive acoustic PT symmetric system is a two-port input/output system. The transfer matrix method in acoustics can be used to derive the acoustic scattering matrix describing the relation between the input and output acoustic waves, i.e., We have presented that a well-designed passive acoustic PT symmetric system still possesses physical characteristics of PT symmetry. We further replace the effective lossless and loss media in 
Logic gates and small signal amplifier
We further numerically simulate the functions of XOR, OR, AND and NOT gates by precisely controlling the phase difference between the two incident beams. The truth tables of all the functions of the acoustic logic gates are presented in Table 1 . According to the principle of wave interference and the transmission and reflection spectra as shown in Fig. 2b, two Ap  is defined. When the right input is turned off, the output logic state is 1 while the output logic state is 0 for the input pressure amplitude 0 p .
Moreover, based on the coherent control effect, the coherent signal amplifier is proposed by the pressure amplitude difference between the two incident beams. By using the same phase difference between two incident beams as the AND logic gate, a small signal amplifier can be realized when the left port is defined as the control port and the right port is defined as the incident port, as shown in Fig. 4e . As a result, the amplification coefficient for the device is characterized by 2 2 2 1 0.34(1 ( ) 1) O I I I  . The theoretical result for the coherent signal amplifier is shown in Fig.   4f (black solid curve) . When the input signal 2 I is a small signal relative to the control signal 1
I
(around 21 / 0.5 II  ), the ratio of output signal 2 O to input signal 2 I is more than 1, which corresponds to the amplification working zone. We refer to this system as the small signal amplifier device. In an extreme case, when 21 / II , 22 / OI verges to 0.34. The red triangles in Fig. 4f are the numerical results of coherent signal amplifier, which are consistent with the theoretical results. Therefore, the proposed passive acoustic PT symmetric metamaterial can function as AND, OR, XOR and NOT gates and small signal amplifier without resorting to altering frequency. Table 1 Truth tables 
Experimental results
We have theoretically and numerically demonstrated the feasibility of using the passive PT symmetric acoustic metamaterial to design acoustic logic gates and small signal amplifier. In the following, the experimental measurements are performed to verify above theoretical design and simulation results. The set-up of the experiment is shown in Fig. 5a , where the propagating medium of sound wave is air, and sound-absorbing cottons are placed at both ends of the waveguide to eliminate the reflection. 
Discussion
This work presents a realization of a multifunctional device, controlled by PT symmetry, which can offer logic gates and small signal amplifier simultaneously without resorting to altering frequency and structure. An efficient and accurate analysis method has been put forward for the design of the passive acoustic PT symmetric metamaterial with exotic scattering properties produced by the broken PT symmetry phase. Through balancing the interplay between the lossless and loss media, the logic gates and small signal amplifier are realized by controlling the phase and amplitude differences of the input signals, respectively. Further the integration of acoustic delay line enables the phase difference will be accurately controlled and may promise highly integrated acoustic multifunctional devices. This acoustic multifunctional device offers a simple and effective approach for reducing the integration complexity and signal manipulation in acoustic communication.
